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Edited by Lukas HuberAbstract Otx3/Dmbx1 is a member of paired class homeodo-
main transcription factors. In this study, we found that Otx3/
Dmbx1 represses the Otx2-mediated transactivation by forming
heterodimer with Otx2 on the P3C (TAATCCGATTA) se-
quence in vitro. The 156 amino acid region (residues 1–156) of
Otx3/Dmbx1 is required for its repressor activity, and interacts
directly with Otx2. Co-localization of Otx3/Dmbx1 and Otx2 in
brain sections was conﬁrmed by in situ hybridization. These data
suggest that Otx3/Dmbx1 represses Otx2-mediated transcrip-
tion in the developing brain. We also identiﬁed the consensus
binding sequence [TAATCCGATTA and TAATCC(N2-
4)TAATCC] of Otx3/Dmbx1.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Transcription factors containing a homeodomain (HD) are
involved in genetic control of the development and mainte-
nance of many cell types [1]. HD proteins of the Otx family
(Otx1, Otx2, and Crx), the vertebrate homologues of Drosoph-
ila orthodenticle (otd), possess a K50 paired class HD, and play
a critical role in the development of brain and eyes [2–4]. We
previously identiﬁed Otx3/Dmbx1, a novel member of the
Otx family [5]. Otx3/Dmbx1 expression is craniocaudally lim-
ited to the rostral region of the developing brain in mice from
7.5 to 11.5 days postcoitum (dpc). Otx3/Dmbx1 also is ex-
pressed in developing eyes, adult cerebellum, and pancreatic is-
lets [5]. Recently, Ox3/Dmbx1 knockout mice were found to
exhibit the neonatal lethality, dwarﬁsm, and abnormal brain
morphology [6], suggesting an important role of Otx3/Dmbx1
in brain development. During early organogenesis, the expres-
sion pattern of Otx3/Dmbx1 [5,7–11] overlaps those of Otx1
and Otx2 [2]. Using reporter gene assay, other members ofAbbreviations: HD, homeodomain; Gal4dbd, Gal4 DNA binding
domain; aa, amino acid; GST, glutathione S-transferase; EMSA,
electrophoretic mobility shift assay; tk, thymidine kinase; dpc, days
postcoitum
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doi:10.1016/j.febslet.2005.04.042Otx family (Otx1, Otx2, and Crx) were found to function as
transcriptional activators [3,12–15], and we previously re-
ported that Otx3/Dmbx1 represses Otx2-mediated transactiva-
tion [5]. In this study, we have investigated the biochemical
and functional interactions between Otx3/Dmbx1 and Otx2
in vitro. We also screened its consensus binding sequences.2. Materials and methods
2.1. Plasmids
cDNAs of mouse Otx3/Dmbx1 and Otx2 were obtained as described
previously [5]. Series of Otx3/Dmbx1 mutants were subcloned into
pGEX-4T (Amersham Bioscience, Uppsala, Sweden) and pFLAG-2
(Sigma–Aldrich, St. Louis, MO, USA) vectors. For generating fusion
constructs of the Gal4 DNA binding domain (Gal4dbd) and
Otx3/Dmbx1 or Otx2, series of Otx3/Dmbx1 deletion mutants or the
C-terminus of Otx2 were subcloned into pFA-CMV vector (Stratagene,
La Jolla, CA, USA).
2.2. Electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) was performed as de-
scribed previously [5]. A partial fragment of Otx3/Dmbx1 [amino acid
(aa) 58–130] protein fused to glutathione S-transferase (GST) and nu-
clear extract from COS-1 cells transfected with FLAG-tagged Otx2 or
Otx3/Dmbx1 (aa 1–156) were used. Nuclear extract was prepared as
described previously, from about 2 · 106 transfected cells [16]. The oli-
gonucleotide sequences used in EMSA were as follows: P3C(5 0-GAT-
CCTGAGTCTAATCCGATTAGTGTGCA-3 0, 5 0-GAGGACTCAG
ATTAGGCTAATCACACGTCTAG-30), DR4(5 0-GATCACGGGT
CTTAATCCTTTAATCCATA-30, 5 0-GATCTATGGATTAAAGGA
TTAAGACCCGT-3 0), DR5(5 0-GATCTTAGCTTAATCCCCTTAA
TCCGTC-30, 5 0-GATCGACGGATTAAGGGGATTAAGCTAA-
3 0), DR6(50-GATCTTATATAATCCCTTTTAATCCCTTT-30, 5 0-
GATCAAAGGGATTAAAAGGGATTATATAA-3 0).
For super-shift assay, anti-FLAG M2 antibody (Sigma–Aldrich)
was incubated at 4 C for 30 min with nuclear extract from COS-1 cells
before mixing with radiolabeled probe.
2.3. Reporter assay
P3C-tk-luc and pFR-luc (Stratagene) were used as reporter plasmids.
P3C-tk-luc was generated to express luciferase under control of the thy-
midine kinase (tk) minimal promoter linked to triple repeats of the con-
sensus P3C binding sequence. GH3 cells or HeLa cells were used as the
host strain. The reporter assay was performed as described previously
[5].
2.4. Western blotting
COS-1, GH3, and HeLa cells transfected with each plasmid were
sonicated in 2 · SDS sample buﬀer, separated by SDS–PAGE, and
subjected to immunoblot analysis with anti-FLAG M2 antibody (Sig-
ma–Aldrich) or anti-GAL4(DBD) (RK5C1) (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA).blished by Elsevier B.V. All rights reserved.
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GST-fused partial fragments of Otx3/Dmbx1 (aa 1–156) and the C-
terminus of Otx2 (aa 98–289) were puriﬁed as described previously [5].
Lysates of COS-1 cells transfected with FLAG-tagged or Gal4dbd-
fused Otx2 or Otx3/Dmbx1 were incubated with 1 lg of GST-fusion
protein pre-bound to glutathione-agarose beads in binding buﬀer
[50 mM Tris–HCl, pH 7.5, 165 mMKCl, 1 mMMgCl2, 10% (v/v) glyc-
erol, 1% Triton X-100, 0.5% deoxycholic acid, 1 mM PMSF (phenyl-
methylsulfonyl ﬂuoride)]. Bound proteins were eluted by adding
2 · SDS sample buﬀer and subjected to Western blotting using anti-
FLAG M2 antibody (Sigma–Aldrich) or anti-GAL4 (DBD)
(RK5C1) (Santa Cruz).2.6. In situ hybridization
In situ hybridization of Otx3/Dmbx1 and Otx2 was performed as
described previously [5]. Antisense probes for Otx2 and Otx3/
Dmbx1 were designed to be complementary nucleotides 810–854
of mouse Otx2 (BC029667) and 984–1028 of mouse Otx3/Dmbx1
(NM_130865).2.7. Random binding site selection
The Otx3/Dmbx1 binding sequence was selected from the ran-
dom oligonucleotides, as described previously [17]. The sequences
of the oligonucleotides used for binding site selection were
5 0-CTCGG TACCTCGAGTGAAGCTAGC (N25) GGTAAGTCG-
GATCC GCGGTAAC-3 0. Two hundred nanograms of the GST-
fused partial fragment Otx3/Dmbx1 (aa 58–130) protein was bound
to 0.3 lg of double-stranded random oligonucleotides. Enrichment
of binding sites was performed by ﬁlter-binding method. After ﬁve
rounds of selection, ampliﬁed products were subcloned and
sequenced.Fig. 1. DNA binding properties of Otx3/Dmbx1. (A) EMSA using nuclear ex
Dmbx1 (aa 1–156) and/or FLAG-tagged full-length Otx2 and 32P-labeled P3C
assay using anti-FLAG M2 antibody (lanes 2, 4, and 6). (B) Expression of O
was analyzed by Western blotting with anti-FLAG M2 antibody.3. Results
3.1. Otx3/Dmbx1 forms homodimer and heterodimer with Otx2
on the P3C sequence
EMSA showed that both full length Otx2 and Otx3/Dmbx1
form monomer and homodimer on the P3C probe (Fig. 1A,
lanes 1 and 3). When both Otx2 and Otx3/Dmbx1 were mixed
with the probe, a distinct band corresponding to the size of the
Otx3/Dmbx1–Otx2 heterodimer appeared between the Otx2
homodimer and the Otx3/Dmbx1 homodimer (Fig. 1, lane 5).
Western blot analysis conﬁrmed that nuclear extract from
COS-1 cells contained Otx2 and Otx3/Dmbx1 equally (Fig. 1B).
3.2. The residues 1–156 of Otx3/Dmbx1 is required to repress
the Otx2-mediated transactivation
To determine the region of Otx3/Dmbx1 required for repres-
sion of Otx2-mediated transactivation, we performed reporter
gene assay (Fig. 2). Western blot analysis conﬁrmed that each
mutant was clearly expressed in GH3 cells (Fig. 2A-b). Muta-
tional analysis revealed that wild type, DC27, DC90, DC150,
DC200, and D220 repress Otx2-mediated transactivation (Fig.
2A-c, lane 2 as 100%) by 74%, 71%, 52%, 77%, 88%, and 88%,
respectively (Fig. 2A-c, lanes 3–8), while D251 and DN repress
transactivation to a lesser degree of 20.0% and 30.8%, respec-
tively (Fig. 2A-c, lanes 9 and 10). This indicates that the residues
1–156 (which contains the N-terminus, HD, and the following
31 amino acids) of Otx3/Dmbx1 is required for expression of
repressor activity on the P3C sequence. To further determinetracts obtained from COS-1 cells transfected with FLAG-tagged Otx3/
probe. The speciﬁcity of the band shifts was conﬁrmed by super-shift
tx2 and Otx3/Dmbx1 in COS-1 cells. Nuclear extract from COS-1 cells
2928 K. Kimura et al. / FEBS Letters 579 (2005) 2926–2932the region responsible for repressor activity, residues 1–156 was
divided into smaller fragments and fused with Gal4dbd (Fig.
2B). Western blot analysis conﬁrmed that each Gal4dbd-fused
fragment was expressed equally in HeLa cells (Fig. 2B-b). The
C-terminus of Otx2 markedly increased luciferase activity, indi-
cating that this region contains the activator domain of Otx2
(Fig. 2B-c, lane 2). In this assay, DOtx3-A, which contains aa
1–156, completely repressed Otx2-mediated transactivation,Fig. 2. Determination of the repressor domain of Otx3/Dmbx1. (A): (a) Sche
parentheses. Three characteristic regions, the acidic amino acid rich region
represented. (b) Expression of Otx3/Dmbx1 deletion mutants and Otx2 in G
M2 antibody. Asterisks indicate the bands with expected size. (c) Lucifera
percent of the basal level obtained from cells transfected with empty vector pF
host strain, respectively. Values are means ± S.E. (n = 4). Similar results w
DOtx3-A, B, C, D, and the C-terminus of Otx2 fused to Gal4dbd. Correspo
reporter gene is shown at the right. (b) Expression of DOtx3-A, B, C, D, and th
blotting with anti-GAL4 (DBD) antibody. Asterisks indicate the bands w
transactivation. The pFR-luc vector was used as the reporter gene, and the C
strain. Values are expressed as percent relative to basal level obtained from H
means ± S.E. (n = 4). Similar results were obtained from three independentbut repression was signiﬁcantly attenuated in DOtx3-B (which
lacks 31 aa), DOtx3-C (which lacks the N-terminus), and
DOtx3-D (which lacks both 31 aa and the N-terminus).
3.3. Residues 1–156 of Otx3/Dmbx1 interacts directly with Otx2
GST-pull down assay showed that residues 1–156 of Otx3/
Dmbx1 bound to the C-terminus of Otx2 directly in the
absence of the target DNA fragment (Fig. 3A, lane 1). In thema of Otx3/Dmbx1 mutants. Corresponding amino acids are shown in
, a stretch of alanine, and an OAR domain, in the C-terminus are
H3 cells. Samples were analyzed by Western blotting with anti-FLAG
se activity of Otx3/Dmbx1 deletion mutants. Values are expressed as
LAG (100%). P3C-tk-luc and GH3 cells were used as reporter gene and
ere obtained from three independent experiments. (B): (a) Schema of
nding amino acids are shown in parentheses. Structure of the pFR-luc
e C-terminus of Otx2 in HeLa cells. Samples were analyzed by Western
ith expected size. (c) Repressor activity of DOtx3 on Otx2-mediated
-terminus of Otx2 was co-transfected. HeLa cells were used as the host
eLa cells transfected with empty vector pFA-CMV (100%). Values are
experiments.
Fig. 2 (continued)
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Dmbx1 repressed Otx2-mediated transactivation signiﬁcantly
on the pFR-luc vector (Fig. 3B-c, lane 3), despite the FLAG-
tagged Otx3/Dmbx1 lack of Gal4dbd, and therefore does not
bind to the Gal4 binding sites in the pFR-luc vector. To con-
ﬁrm that Otx3/Dmbx1 exerts repressor activity through inter-
action with Otx2, we prepared an Otx3/Dmbx1 mutant that
exhibits defective binding to Otx2. By analogy with the Crx
mutation identiﬁed in retinal degenerative disease in humans
[18], we generated an Otx3 mutant, R117W, and found that
a R117W does not bind to Otx2 (Fig. 3B-a, lanes 1 and 2).
Compared with wild type Otx3/Dmbx1, repressor activity of
R117W was signiﬁcantly impaired (Fig. 3B-c, lanes 3 and 4).
Western blot analysis conﬁrmed that both wild type and
R117W Otx3/Dmbx1 were expressed equally in HeLa cells
(data not shown).
3.4. Otx3/Dmbx1 shows an overlapping expressing region with
Otx2 in the brain at 10.5 dpc
To compare the expression pattern of Otx3/Dmbx1 and
Otx2, we performed in situ hybridization of mouse embryo
at 10.5 dpc. In sagital section, expression of Otx3/Dmbx1
was detected mainly in the neuroepithelium of diencephalonand mesencephalon. These results show that the region express
both Otx3/Dmbx1 and Otx2 (Fig. 4A and B).
3.5. Consensus binding sequence speciﬁc for Otx3/Dmbx1
We identiﬁed the binding sequence of Otx3/Dmbx1 by in vi-
tro selection method (Fig. 5). Oligonucleotides consisting of 25
mer random nucleotides were subjected to ﬁve cycles of selec-
tion. All 141 selected clones contained more than two TAAT
core sequences. Based on the direction of the TAAT core se-
quence and the number of intervening nucleotides, the selected
sequences were classiﬁed into three groups: palindrome (P)
type, inverted palindrome (IP) type, and tandem repeat (TR)
type (Fig. 5A and B). Nineteen of the selected 141 sequences
exhibited a perfect match to P3C (TAATCCGATTA), which
is the consensus binding sequence of the K50 paired class
HD protein [19]. Unexpectedly, most of the selected sequences
were tandem repeats of the TAAT core sequence separated by
4–6 base pairs: TAAT(N4)TAAT, TAAT(N5)TAAT, and
TAAT(N6)TAAT, designated the TR4, TR5, and TR6 se-
quence, respectively. Consensogram revealed that the repeat
of cytosine positioned just downstream from the core sequence
and binding sequence of Otx3/Dmbx1 is expressed as
TAATCC(N2-4)TAATCC (Fig. 5C). Otx3/Dmbx1 also
Fig. 3. Interaction of Otx3/Dmbx1 and Otx2. (A) Protein–protein interaction of Otx3/Dmbx1 and Otx2. The C-terminus of Otx2 protein fused to
Gal4dbd was incubated with GST-Otx3/Dmbx1 (aa 1–156) and pulled down by GST-beads. Samples were analyzed by Western blotting with anti-
GAL4(DBD) antibody. The C-terminus of Otx2 bound to GST-Otx3/Dmbx1. (B) Repressor activity of mutant Otx3/Dmbx1, R117W. (a) FLAG-
tagged Otx3/Dmbx1 wild type or R117W protein was incubated with the GST-fused C-terminus of Otx2 and pulled down by GST-beads. Samples
were analyzed by Western blotting with anti-FLAGM2 antibody. Asterisk indicates non-speciﬁc bands. (b) Schema of the plasmid construct used in
reporter gene assay (FLAG-Otx3 wild type, FLAG-Otx3 R117W, C-terminus of Otx2, and pFR-luc reporter gene). (c) Repressor activity of wild type
and R117W. The pFR-luc vector was used as reporter gene, and the C-terminus of Otx2 was co-transfected. HeLa cells were used as host strain.
Values are expressed as percent relative to the basal level obtained from HeLa cells transfected with empty vector pFA-CMV (100%). Values are
means ± S.E. (n = 4). Asterisk (*); P < 0.01 Similar results were obtained from three independent experiments.
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sequences (Fig. 5D).4. Discussion
Otx3/Dmbx1 is a newly identiﬁed HD transcription factor
[5,7–10]. Analysis of the knockout mice shows the contributionof Otx3/Dmbx1 in brain morphogenesis [6], but its target gene
and interacting molecule is not known. We have previously
shown that Otx3/Dmbx1 represses Otx2-mediated transactiva-
tion [5]. Otx2 plays an important role in gastrulation and early
speciﬁcation of the anterior neural plate [2]. In this study, we
have clariﬁed the biochemical and functional interactions be-
tween Otx3/Dmbx1 and Otx2 in vitro. Otx3/Dmbx1 forms a
heterodimer with Otx2 on the consensus P3C binding sequence
Fig. 5. Consensus binding sequence of Otx3/Dmbx1. (A) Schema of 3
types of selected sequences. TR, tandem repeat type; P, palindrome
type; IP, inverted palindrome type. ‘‘n’’ in parentheses shows the
number of the spacer nucleotides between the two core sequences.
(B) Number of selected sequences of each type. (C) Consensogram of
the selected sequences, DR4, DR5, and DR6, are shown. The height of
each stacked bar represents the percent of occurrences of each base at
each position along the consensus. (D) EMSA using probes for the
four types of selected sequences. 200, 100, or 50 ng of the partial
fragment Otx3/Dmbx1 (aa 58–130) protein fused to GST was used for
each probe.
Fig. 4. Expression patterns of Otx3/Dmbx1 and Otx2 in mouse brain
at 10.5 dpc. In situ hybridization of Otx3/Dmbx1 (A) and Otx2 (B) was
performed using serial sagital sections of mouse embryo at 10.5 dpc.
Arrowheads show midbrain–hindbrain boundary.
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Otx3/Dmbx1 do not appear in Fig. 1, lane 5, Otx3/Dmbx1 may
well heterodimerize cooperatively with Otx2. Analysis of the
deletion mutants revealed that residues 1–156 of Otx3/Dmbx1is required to repress Otx2-mediated transactivation (Fig. 2).
In addition, the residues 1–156 bound directly to the activator
domain (C-terminus) of Otx2 (Fig. 3A). Interaction between
the C-terminus of Otx2 and HD has also been found in the
interaction of Otx2 and Lim1. [12]. To assess the role of direct
interaction between Otx3/Dmbx1 and Otx2 in transcriptional
regulation, we performed a reporter gene assay using wild type
Otx3/Dmbx1 and the Gal4dbd-fused C-terminus of Otx2 (Fig.
3B-c). Otx3/Dmbx1 did not bind to the reporter gene (pFR-
luc) in this assay, but did bind to Otx2 directly. Interestingly,
Otx3/Dmbx1 repressed Otx2-mediated transactivation without
binding to the reporter gene pFR-luc. This repressor activity
was impaired in the Otx3/Dmbx1 R117W mutant that does
not bind to Otx2. These results indicate that Otx3/Dmx1 re-
quires direct interaction with Otx2 for its repressor activity.
Taken together, these data suggest that Otx3/Dmbx1 forms
heterodimer with Otx2 on target sequences and that residues
1–156 of Otx3/Dmbx1, interacting directly with the activator
domain in the C-terminus of Otx2, impedes Otx2-mediated
transactivation. In other HD proteins, the transcriptional
repressor Goosecoid, interacting with the activator Bicoid on
the P3C binding sequence, has also been shown to repress Bi-
coid-mediated transactivation [20]. Furthermore, in situ
hybridization revealed that Otx3/Dmbx1 and Otx2 are both
expressed in neuroepithelium of diencephalon and mesenceph-
alon. Interaction of transcriptional repressors and activators
regulates the temporal and spatial expression of target genes
in a precise manner [21]. Since Otx3/Dmbx1 is co-expressed
with Otx2 in the developing brain, forms heterodimer with
Otx2, and represses Otx2-mediated transactivation, Otx3/
Dmbx1 and Otx2 may well cooperatively regulate target genes
involved in the development of brain.
We also identiﬁed the binding sequences speciﬁc for Otx3/
Dmbx1 as TAATCCGATTA and TAATCC(N2-4)TAATCC.
The binding sequences in other paired class HD proteins have
been found to consist of a single TAAT core sequence or two
palindromicaly orientated TAAT core sequences [19,22], but
no tandem repeat binding sequence has been reported. In vivo,
HpOtx, a homologue of Otx in sea urchin, binds to the tandem
repeat of the TAAT core sequence in the enhancer region of
the arylsulfatase gene [23]. These ﬁndings indicate that Otx3/
Dmbx1 may regulate its target gene by binding to tandem re-
peat sequences such as DR4, DR5, and DR6 in vivo.
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